Due to global warming and increasing water eutrophication, understanding in-lake relationships is paramount to prevent excessive pollution and further negative changes in lakes. The physico-chemical and biological parameters, as well as nutrient variabilities, both temporal and vertical (in the water column), were studied in the largest Łęczna-Włodawa lake. The study was conducted during two consecutive water years, from November 2015 to September 2017. The non-parametric Kruskal-Wallis ANOVA, test H was used to detect variability between years, and among seasons and lake depths in water temperature, electrical conductivity, pH, ORP, concentration of dissolved oxygen as well as concentration of NO 3 − , PO 4 3− , TP and chlorophyll a.
Introduction
In recent decades, global warming and increasing water eutrophication have become a reason for investigation of different in-lake and catchment-lake processes [1] . A temporal and spatial heterogeneity of environmental parameters (temperature, oxygen concentration, pH, etc.) is a common feature of most aquatic ecosystems [2] . The lake surface water temperature (LSWT), shaped mostly by weather conditions, significantly influences the entire lake ecosystem [3] . Hence, understanding thermal stratification is important for management of water resources, since the thermocline controls a distribution of the heat, dissolved substances, and nutrients in the water column [4] . A relation of seasonal variability of the water temperature and dissolved oxygen (DO) in various water bodies has been established [5, 6] . On the other hand, seasonal changes of the environmental variables The lake water has been classified as eutrophic [23] . Presently, Uściwierz Lake is exposed to intense human pressure, due to the abundance of summerhouses adjacent to the lakeshores.
Methods
Field research was conducted during two water years, from November 2015 to September 2017. Water year 2016 started in November 2015 and ended in September 2016, whereas water year 2017 began in November 2016 and ended in September 2017. Weather condition parameters were air temperature, precipitation, and wind velocity, all obtained from Polish Institute of Meteorology and Water Management. Measurements of physico-chemical (water temperature (WT), dissolved oxygen concentration DO, pH, ORP and electrical conductivity (EC)) as well as biological (chlorophyll a concentration (Chl-a)) parameters were taken in the water column in the deepest part of the lake at 0.5 m intervals. Location of a sampling point at the deepest point of the lake is expected to provide the most reliable data, as it is least affected by local impacts from the catchment area [24] . Physico-chemical parameters were measured using YSI 6600 V2-4 Multi-parameter Water Quality Sonde (YSI Incorporated, Yellow Springs, OH, USA). Chlorophyll fluorescence measurements were compared with extracted chlorophyll-a, to calculate Chl-a concentration according to standard methods of chlorophyll quantification. In addition, concentration of biogens (NO 3 − , NO 2 − , NH 4 + , PO 4 3− , TP and TN) was determined using a Slandi LF300 photometer. Samples for TP and TN measurements were preserved with sulphuric acid solution and mineralized before analysis.
Statistical Analyses
The distribution of normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene's test) were tested for all the data obtained. This made it possible to select appropriate statistical tests. The non-parametric Kruskal-Wallis ANOVA test H was used to detect any variability in the water temperature, electrical conductivity, pH, concentration of oxygen and Chl-a between years, and compared these among seasons and lake depths. The same test was used to detect any variability in concentration of NO 3 − , PO 4 3− and TP between years and seasons, whereas a two-way analysis of variance (ANOVA, Tukey test) was used to detect any differences in Secchi depth (SD) and concentration of NH 4 + , NO 2 − and TN. All analyses and statistical tests described above were performed using the Statsoft Statistica package v. 12 for Windows at a significance level of P < 0.05. Ordination techniques were used to describe the relationships among 13 environmental variables (WT, EC, pH, ORP, SD, and concentration of DO, Chl-a, NH 4 + , NO 3 − , PO 4 3− , NO 2 − , TN and TP in lake water) and distribution of samples. An indirect multivariate method, DCA, was used to measure and illustrate gradients indicated by environmental variables. Because the length of the gradient was <3 standard deviations, a principal component analysis (PCA) was used to describe the separation of samples during the study period, distribution and separation of the environmental variables, as well as samples in particular years of the study [25] . As there were no statistically significant differences for most variables in terms of lake depths, and samples for nutrients concentrations were collected from one water layer only (0.5 m), results obtained for samples collected at the depth of 0.5 m were considered reliable for the analyses. The ordination analyses were performed by means of CANOCO 4.5 for Windows.
Results
The study years differed in terms of the weather conditions. Both air temperature and precipitation distribution varied significantly ( Figure 2 ). The first year of the study appeared rather dry, with the total sum of precipitation amounted to 493 mm, whereas 663 mm of precipitation were noted in the second water year. A monthly sum of precipitation exceeding 50 mm was observed from May to August 2016, and 117 mm in October. In the water year 2017, an elevated quantity of precipitation was observed more frequently. In terms of air temperature, water year 2016 was warmer from November to February and colder from March to October than 2017 ( Figure 2 ). Water temperature did not follow that pattern. Air temperature in the first year of study was constantly (except July) higher than in the second year.
A winter monthly average differences amounted to circa 2 • C and resulted in ice cover occurrence in 2017. Table 1 presents range of measured physico-chemical parameters. An increase in data variability with depth was observed in the majority parameters. However, as statistical analysis have confirmed, seasonal significant differences between particular intervals were found only for Chl-a concentration. The highest seasonal variability of WT was observed in the surface layer of the water column, and amounted from 0.6 • C in February to 24.6 • C in June. Termocline occurred briefly, in May 2016. Vertical homogenization of temperature existed in autumn and spring (Table 1) . Table 1 . Range of values of selected physico-chemical parameters, minimum-maximum ± standard deviation (SD). The pH showed the lowest variability in both time (months) and space (water column), and elevated values of pH were observed in summer. The highest fluctuation was observed in ORP. Consistently high values were observed in the 2016 water year, whereas from December 2016 significant decrease of OPR values were observed. DO showed, generally, higher values in winter and lower values in summer. An exception was December 2016, when depletion of oxygen was observed. Variability of many of the parameters depended on the season. Winter was a season of the highest stability of WT (SD = 0.93) and Chl-a (SD = 4.9) ( Table 1 ). The highest pH stability (SD = 0.3) was observed in spring, in which DO also showed a rather low variability. The lowest values of SD in conductivity and oxygen were observed in autumn, 10.5 and 1.2, respectively ( Table 1) . Statistical relations showed differences in both years. Significant relations in both years were found in pH and ORP, pH and DO, and pH and Chl-a ( Table 2 ). Some parameters showed significant correlations in only one of the study year, whereas ORP correlated positively with WT in 2016, but negatively in 2017. High variability in some environmental, mostly physical, parameters among the two studied years and particular seasons was confirmed by statistical analyses. Significant differences (Kruskal-Wallis test: H or Tukey test; P < 0.05) between two water years of study were found for most variables except of WT, SD, PO 4 3− , TN and TP. All of the tested variables, except of biogenic compounds, differed significantly among seasons (P ≤ 0.05), whereas in case of season and year interaction, statistically significant differences (P < 0.001) were found for pH, ORP, Chl-a, NO 3 − and DO concentration ( Figure 3 ).
On the other hand, there were statistically significant differences found between depths and years for Chl-a, ORP, and pH, whereas WT, DO, ORP, and pH values differed significantly (P ≤ 0.01) among lake depths, seasons and years. The principal component analysis (PCA) showed that samples collected in the first year of the study were separated from samples collected in the second year, and, in general, these two groups were separated from samples collected in winter period of 2015 and 2016 ( Figure 4A) . Therefore, and due to statistically significant differences (ANOVA, P < 0.05) between two years of the study found for six from 13 tested physico-chemical parameters, two analyses for two different years were performed to describe the distribution of environmental variables and samples ( Figure 4B ,C). PCA axis 1 (λ = 0.848) and axis 2 (λ = 0.130) explained 97.8% of the total variance in the distribution of the environmental variables in the first year of the study, whereas in the second year, PCA axis 1 (λ = 0.870) and axis 2 (λ = 0.107) explained 97.6% of the total variance in the variables distribution. The analyses showed some differences in the distribution and correlation of variables between years. In the first year of the study, Chl-a and ORP were most strongly correlated with the main direction of variation (axis 1), with samples collected in June, September and October ( Figure 4B ). Axis 2 was the most strongly correlated with NO 3 − concentration, SD, and EC and DO, and with samples collected in February, March and May. In the second water year of the study, pH and ORP were most strongly correlated with axis 1 (Figure 4C 
Discussion
In shallow lakes exposed to wind, chlorophyll-a and oxygen are considered as very important parameters that influence ecosystem stability [26] [27] [28] . However, our results show that lake water quality in shallow water bodies varies significantly in both time (seasons, years) and space (water column). A high dynamic, as well as the complexity of relations between physico-chemical and biological parameters, makes water management of lakes more difficult. Due to the high instability of shallow lakes, universal methods of improving lake water quality are often insufficient. Thus, studies on relations between environmental factors in lake waters are crucial to prevent further deterioration of water quality.
Our studies confirmed previous findings [29] that most the limnological variables are dependent on hydrological and climate conditions. Variability of meteorological conditions, both intra-and interannual, favoured significant differences of tested variables, between the two years and among seasons. An influence of inter-annual distribution of precipitation and air temperature on environmental factors was observed. A clear separation of each year's data, indicating various physical and chemical condition of lake waters, resulted from highly different weather conditions, which is supported by previous findings of Sass et al. [20] , Liu et al. [30] , and Jeppesen et al. [31] . Significant seasonal differences found in our study in water quality parameters have also been lastly reported in other Łęczna-Włodawa lakes [32] as well as in other temperate lakes [33] .
On average, a higher median in summer than in winter was observed in terms of WT and Chl-a, whereas lower in EC and DO correspond to the results reported by Poudel et al. [34] . However, in the colder and wetter water year of 2017, Chl-a maxima were observed in autumn, something often observed in colder temperate lakes [35] . Variation in air temperature between the two consecutive years brought about distinct differences in winter in the measured parameters. Water temperature, as expected, showed typical pattern of seasonal variability, shaped by local climate [36, 37] . The temporal variation of WT is usually governed by natural environmental processes, such as air temperature and solar radiation [38] . Vertical fluctuation, which is usually noted in temperate lakes, in terms of seasonal thermal stratification [39] , was hardly observed in the Lake Uściwierz. The influence of water temperature on oxygen solubility was observed in winter, when the highest DO concentration was observed. On the contrary, an increase in temperature caused a two to three-fold increase in bacterial activity, leading to the depletion of DO concentration [40] . Clear DO fluctuation with depth in summer and in winter is typical for temperate lakes [41] . However, in Lake Uściwierz, not only summer but also winter oxygen depletion near the bottom was observed. During the colder winter 2017, due to ice coverage, gas exchange with the atmosphere was compromised [42] , and during such conditions, the DO concentration was altered only by the in-lake processes at that time [43] .
Summer maxima of pH values were probably due to the high biological activity [44] and high water evaporation [45] . Low pH values in winter are usually observed in temperate lakes [37] ; however, in case of the Lake Uściwierz, lowest values occurred in autumn. High water temperatures in summer lead to an increase in pH due to CO 2 conversion to organic carbon by photosynthesis [46] . However, no correlation between WT and pH was observed through the study period. A pH inter-annual distribution in lake waters may be related to wet and dry periods or to snow meltdown [47] , due to low pH value of both rain and snow. DO and pH correlations, observed in our study, often occur in temperate lakes [48] . However, pH and DO correlations with NH 4 + and NO 3 − are not commonly observed [49] .
Inter-and intra-annual variability in values of rarely studied ORP parameter showed a strong relationship with genetic form of lake supply (atmospheric precipitation or groundwater). A continuous increase in oxidation conditions was observed in water year 2016. It could have resulted from the lake basin supply with atmospheric water, due to the fact that both rain and snow redox potential is high; this was confirmed by a distribution of precipitation that year. A lower quantity of precipitation in autumn 2016 has been compensated by groundwater recharge, which resulted in an ORP decrease. Groundwater drained a Cretaceous lake catchment, hence input of alkaline waters [50] with low redox potential [51] . Low ORP values in summer 2017 were probably determined by a prevalence of groundwater input over atmospheric one. The shift of rainfall maximum to the turn of summer and autumn influenced the increase of the redox potential. During the study period, there was a statistically significant negative correlation between ORP and pH.
Studies on relationships between phytoplankton and environmental factors show a strong positive correlation between chlorophyll a and water temperature [52] , as high WT affect the metabolic activity and accelerate phytoplankton development [53] . However, such a relationship was not observed in the studied lake. Also, a positive correlation between Chl-a and dissolved oxygen is often observed in lake waters [54] , but it has not occurred in Lake Uściwierz. Furthermore, a significant negative correlation (r = −0.78, P < 0.01) was noted in winter.
Our results show a weak negative Chl-a correlation with pH, as well as a positive correlation of pH and DO, similar to other findings [55] . Yang et al. [56] also observed a negative Chl-a correlation with pH, based on an 11-year study investigation. In Lake Uściwierz, both pH and DO showed a positive correlation, but no statistical relations between pH and EC were found. 
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